A glycerol:NADP + 2-oxidoreductase was purified to homogeneity from Phycomyces blakesleeanus sporangiospores. The enzyme had an M r of 34000-39000 and consisted of a single polypeptide. It had a pH optimum between 6-6.5 and a K m of 3.9 mM for dihydroxyacetone. The reverse reaction had a pH optimum of 9.4 and a K m for glycerol of more than 2 M. The enzyme was completely specific for NADPH (Km = 0.01 mM) or NADP ÷ (Km = 0.17 mM) and greatly preferred dihydroxyacetone over glyceraldehyde as substrate. Besides glycerol, t-arabitol and mesoerythritol were also oxidized by the enzyme. It was inhibited by ionic strengths in excess of 100 mM and is probably involved in the synthesis of glycerol during early spore germination.
SUMMARY
A glycerol:NADP + 2-oxidoreductase was purified to homogeneity from Phycomyces blakesleeanus sporangiospores. The enzyme had an M r of 34000-39000 and consisted of a single polypeptide. It had a pH optimum between 6-6.5 and a K m of 3.9 mM for dihydroxyacetone. The reverse reaction had a pH optimum of 9.4 and a K m for glycerol of more than 2 M. The enzyme was completely specific for NADPH (Km = 0.01 mM) or NADP ÷ (Km = 0.17 mM) and greatly preferred dihydroxyacetone over glyceraldehyde as substrate. Besides glycerol, t-arabitol and mesoerythritol were also oxidized by the enzyme. It was inhibited by ionic strengths in excess of 100 mM and is probably involved in the synthesis of glycerol during early spore germination.
INTRODUCTION
Germinating spores of P. blakesleeanus produce large amounts of glycerol during early germination [1, 2] . The reduction of the glycerol precursor dihydroxyacetone phosphate can be performed on the phosphorylated product, as in yeast [3] and probably also in the green alga Dunaliella [4] . Since the glycerol-3-phosphatase from Phycomyces, which is activated during early germination, also attacks dihydroxyacetone phosphate at a similar rate [2] , an alternative route for glycerol synthesis is available if dihydroxyacetone can be reduced in the spores. NAD+-dependent glycerol-2-dehydrogenases (producing dihydroxyacetone, E.C. 1.1.1.6) have been described in several bacteria [5] and fungi [6, 7] , where they are generally believed to play a role in glycerol utilization [8] .
NADP+-dependent glycerol-2-dehydrogenases (E.C. 1.1.1.72) have been described only in some fungi, e.g., Aspergillus niger [9] and Mucor javanicus [10, 11] and in the green alga Dunaliella parva [12] . In Neurospora spp., glyceraldehyde is the preferred substrate of an NADPH-dependent glycerol dehydrogenase [13] . Although the equilibrium constant [11, 12] greatly favors glycerol production at physiological pH, this enzyme is believed to be involved in glycerol utilization rather than production in both Dunaliella [4, 14] and Neurospora [15] . In this paper, I report the purification and some properties of glycerol:NADPH ÷ 2-oxidoreductase from Phycomyces, a representative of the Zygomycetes.
MATERIALS AND METHODS
Sporangiospores of P. blakesleeanus Burgeff (ATCC56533) were used as source of the enzyme. The spores were grown and harvested as described previously [16] . Spores (2 g) were homogenized in 100-rag lots with a microdismembrator [16] . The extraction buffer contained 25 mM Tris, 1 mM EDTA, 1 mM DTT (pH 7.1 with HC1). The cold 100 000 x g (15 min) supernatant was fractionated with (NH4)2SO 4. The fraction precipitating between 50% and 75% saturation was collected by centrifugation (15 min at 100000 x g), dissolved in 2 ml of extraction buffer and subjected to chromatography on a Biogel-A 1.5 M column (900 x 31 mm) with extraction buffer as solvent. The fractions containing the activity were applied to a Affigel-blue column (190 x 10 mm). The column was washed with extraction buffer and a gradient of 0-1 M KC1 (in buffer) (2 x 25 ml). The enzyme was precipitated with 90% (NH4)2SO 4, dissolved in extraction buffer and desalted by passing over a smaller Biogel-A 1.5 M column (250 x 10 mm). The enzyme was applied ond a Biogel-DEAE column in extraction buffer. The fraction not retained on the DEAE column contained the purified enzyme. Some of the enzyme was subjected to FPLC on a Superose-12 column (Pharmacia) with 10 mM phosphate, 3 mM KC1 and 150 mM NaCI as solvent. The peak of enzyme activity was subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a discontinuous system on 12.5-25% acrylamide gradient gels [17] . Unless stated otherwise, enzymatic activity was monitored at 25°C (340 nm) in the direction of glycerol formation with 10 mM dihydroxyacetone and 0.2 mM NADPH as substrates in 25 mM Tris-HC1, 1 mM DTT, 1 mM EDTA pH 7.1. For the reverse reaction, 25 mM glycine-NaOH buffer at pH 9.4 was used with 2 mM NADP ÷ and 1.2 M glycerol as substrates.
RESULTS AND DISCUSSION

Purification
The glycerol:NADP + 2-oxidoreductase from Phycomyces precipitated between 50 and 75% (NH4)2SO 4 saturation. Gel filtration of this precipitate yielded an almost 30-fold purification due to the low M r of the enzyme. The enzyme was also retained on Affigel-blue, and eluted as a single peak at about 0.4 M KC1. No retention was obtained on Biogel-DEAE (even at pH 8.5) nor on a mono-S cation exchange column at pH 7.1, and no further purification of the enzyme was obtained by these steps. A final specific activity of about 30 U/mg protein was obtained. The purification steps are summarized in Table 1 . The final purification obtained was rather small, due to the high specific activity in the crude extract. Indeed, the enzyme should represent > 1% of the soluble spore protein. This is consistent with the very high rate of glycerol synthesis in the germinating spores [1, 2] . The final specific activity was much higher than that of the purified D. parva enzyme [12] and comparable to that from A. niger [9] . However, the M. javanicus enzyme [11] had a more than 10-fold higher specific activity. In diluted form the enzyme gradually lost its activity, even when stored at -15°C.
Using gel-filtration on an FPLC column, a M r of 34000 was estimated with bovine serum albumin (66 200), egg albumin (45 000), chymotrypsinogen A (25 000), trypsin inhibitor (20100) and cytochrome C (12500) as references. After SDS-PAGE, a single band corresponding to M r 39 000 was found, suggesting that the enzyme is a monomer (Fig. 1) . These data differ considerably from similar enzymes reported in Neurospora [13] (M r 160000; subunits 43000), Dunaliella [12] (M r 65000) and Mucor [10] (M r 100000; subunits 28 000). Top to bottom: phosphorylase b, 92500; bovine serum albumin, 66200; ovalbumin, 45000; carbonic anhydrase, 30000; soybean trypsin inhibitor, 21500; lysozyme, 14400.
Properties
The purified enzyme had a pH optimum between 6-6.5 in 25 mM Tris-maleate buffer when assayed in the direction of glycerol formation. When measured in the direction of glycerol oxidation the pH-optimum was 9.4 (1.2 M glycerol, 2 mM NADP +) but the activity even at 1.2 M glycerol was about 6 times smaller (Fig. 2) . The pH curves are similar to the enzymes from Dunaliella [12] , Mucor [10] and Neurospora [13] , although the activity in the direction of glycerol synthesis is smaller with the Phycomyces enzyme (some 17% as compared to 50%). The kinetics towards all substrates were hyperbolic with Hill coefficients not significantly different from 1. The kinetic parameters are given in Table 2 . The g m for glycerol was so high that it could not be measured very reliably. Also the Dunaliella enzyme had a K m for glycerol in the molar range [12] . The enzyme was sensitive for ionic strength since KC1 concentrations above 100 mM inhibited the enzyme (Fig. 3) . At 5 mM concentration CaC12 had no effect on the activity, whereas MgC12 and MnCI 2 inhibited slightly (40% and 25%, respectively). No significant activity was detected with sorbitol, mannitol, xylitol and ethylene glycol as substrates, whereas with L-arabitol and meso-erythritol 11% and 35% of the activity was found, respectively (Table 3 ). In the other direction, Table 3 Substrate specificity of glycerol:NADP ÷ 2-oxidoreductase in 25 mM glycine-NaOH pH 9. glyceraldehyde and dihydroxyacetone-phosphate yielded some 6% and 3% of the activity with dihydroxyacetone (Table 4) . Although it cannot be excluded that these activities are due to some remaining impurities, similar rates of glyceraldehyde reduction were found with the purified enzymes from M. javanicus [11] and D. parva [12] .
No activity could be detected when NADP ÷ (or NADPH) was replaced by NAD ÷ (or NADH).
Conclusion
The glycerol: NADP + 2-oxidoreductase from Phycomyces spores is rather different from similar enzymes described, even that in the related fungus M. javanicus [10] . The M r is much lower, and at near physiological pH, few surface charges are present since the enzyme is not retained on either anion or cation exchange columns in 25 mM Tris buffer. Like the enzyme from M. javanicus [10] , A. niger [9] and D. parva [12] , the Phycomyces enzyme is completely specific for NADPH and greatly prefers dihydroxyacetone over glyceraldehyde as substrate. The Neurospora crassa enzyme, on the other hand, is more active with glyceraldehyde [13] . The equilibrium constant [11, 12] , the pH curve, the high g m for glycerol and NADP ÷ as well as the fact that NADPH rather than NADH is the coenzyme strongly suggest that in vivo the enzyme is involved in the synthesis of glycerol from dihydroxyacetone and not in the utilization of glycerol. The very high specific activity of the enzyme in the crude spore extracts is consistent with a role, together with glycerolphosphate: NAD + oxydoreductase in the synthesis of large amounts of glycerol known to be produced during early germination [1, 2] . Since Phycomyces glycerol phosphatase also attacks dihydroxyacetone phosphate [2] , the spores could use both NADPH from the shunt and NADH from glycolysis as reducing equivalents in the rapid synthesis of glycerol.
